The Myriapoda including millipedes and centipedes is of major importance in terrestrial 37 ecology and nutrient recycling. Here, we sequenced and assembled two chromosomal-scale 38 genomes of millipedes Helicorthomorpha holstii (182 Mb, N50 18.11 Mb mainly on 8 39 pseudomolecules) and Trigoniulus corallinus (449 Mb, N50 26.78 Mb mainly on 15 40 pseudomolecules). Unique defense systems, genomic features, and patterns of gene 41 regulation in millipedes, not observed in other arthropods, are revealed. Millipedes possesses 42 a unique ozadene defensive gland unlike the venomous forcipules in centipedes. Sets of genes 43 associated with anti-microbial activity are identified with proteomics, suggesting that the 44 ozadene gland is not primarily an antipredator adaptation (at least in T. corallinus). Macro-45 synteny analyses revealed highly conserved genomic blocks between centipede and the two 46 millipedes. Tight Hox and the first loose ecdysozoan ParaHox homeobox clusters are 47 identified, and a myriapod-specific genomic rearrangement including Hox3 is also observed. 48 The Argonaute proteins for loading small RNAs are duplicated in both millipedes, but unlike 49 insects, an argonaute duplicate has become a pseudogene. Evidence of post-transcriptional 50 modification in small RNAs, including species-specific microRNA arm switching that 51 provide differential gene regulation is also obtained. Millipede genomes reveal a series of 52 unique genomic adaptations and microRNA regulation mechanisms have occurred in this 53 major lineage of arthropod diversity. Collectively, the two millipede genomes shed new light 54 on this fascinating but poorly understood branch of life, with a highly unusual body plan and 55 novel adaptations to their environment. 56 57
Introduction

58
Arthropoda comprises the myriapods (millipedes and centipedes), crustaceans 59 (shrimps, crabs, and lobsters), chelicerates (spiders, scorpions, and horseshoe crab), and 60 insects. Collectively, these taxa account for the majority of described terrestrial and aquatic 61 animal species ( Figure 1A) . While crustaceans, chelicerates, and insects have been the focus 62 of intense research, the myriapods are comparatively less well studied, despite their great 63 diversity and important ecological roles. In particular, arthropod genomic and transcriptomic 64 information is highly uneven, with a heavy bias towards the crustaceans, chelicerates, and 65 insects (Pisani et al 2013; Richards 2019 ). Yet, myriapods display many interesting biological 66 characteristics, including a multi-segmented trunk supported by an unusually large number of 67 legs. Centipede is Latin for '100 feet', but centipedes actually have between 30 and 354 legs 68 and no species has exactly 100 legs (Arthur and Chipman 2005) . In contrast, millipede is 69 Latin for '1000 feet', and while millipedes include the 'leggiest' animal on Earth, no species 70 has as many as 1000 legs, with the true number varying between 22 and 750 (Marek et al 71 2012). Myriapods were among the first arthropods to invade the land from the sea, during an 72 independent terrestrialisation from early arachnids and insects, which occurred during the 73 Silurian period ~400 million years ago (Minelli 2015) . Today, the Myriapoda consists of 74~16,000 species, all of which are terrestrial (Kenning et al 2017) . Currently, just two 75 myriapod genomes are available: the centipede Strigamia maritima (Chipman et al 2014) , 76 and a draft genome of the millipede Trigoniulus corallinus (Kenny et al 2015) . Consequently, 77 the myriapods, and particularly the millipedes, present an excellent opportunity to improve 78 understanding of arthropod evolution and genomics. 79 80 Millipedes compose the class Diplopoda, a highly diverse group containing more than 81 12,000 described species, and the third largest class of terrestrial arthropods after insects and 82 arachnids (Adis 2002) . Millipedes are highly important components of terrestrial ecosystems, 83 especially with reference to their roles in the breakdown of organic plant materials and 84 nutrient recycling. In contrast to centipedes which have one pair of legs per body segment, 85 individual body segments are fused in pairs in millipedes, resulting in a series of double-86 legged segments. The typical millipede body plan consists of the head, collum, and trunk 87 (with varying numbers of diplo-segments). The primary defense mechanism of millipedes is 88 to curl into a coil, while a unique secondary defense system in some species involves emitting 89 toxic liquids or gases from the ozadene gland, via ozopores located on each side of the 90 metazonite (the posterior portion of diplosegment) (Enghoff 1993 segments that increase in every stadium after each molt, and will complete seven juvenile 97 stadia before reaching sexual maturity at stadium VIII (adult) ( Figure 1B) . Conversely, T. Here we present two high-quality de novo reference genomes close to the 103 chromosomal-assembly level, for the Asian polydesmid millipede H. holstii and the 104 spirobolid rusty millipede T. corallinus (Table 1) . With reference to these genomes, we reveal 105 the basis of a unique defence system, genomic features, and gene regulation in millipedes, not 106 observed in other arthropods. The genomic resources we develop expand the known gene 107 repertoire of myriapods and provide a genetic toolkit for further understanding of their unique 108 adaptations and evolutionary pathways. Figure 1C ), and sequenced using the Illumina short-read and 10X Genomics linked-read 115 sequencing platforms (Supplementary information S1, Table 1 .1.1-1.1.2). Hi-C libraries were 116 also constructed for both species and sequenced on the Illumina platform (Supplementary 117 information S1, Figure S1.1.1-1.1.2). Both genomes were first assembled using short-reads, 118 followed by scaffolding with Hi-C data. The H. holstii genome assembly is 182 Mb with a 119 scaffold N50 of 18.11 Mb (Table 1) . This high physical contiguity is matched by high 120 completeness, with a 97.2 % complete BUSCO score for eukaryotic genes (Table 1) being identified, only 7 of them were predicted as P1 toxins (i.e. with low confidence, Figure   137 1E, Supplementary information S1, Figure S1 .3.1, Table 1. 3.3, Supplementary information 138 S3). These data suggest that the millipede ozadene gland (at least for T. corallinus), is not 139 adapted to produce toxins, unlike the venomous forcipules present in centipedes.
141
The question then becomes, what is the function of the millipede ozadene gland? 142 Gene ontology and KEGG pathway analyses of the remaining 2,645 non-toxin peptides were 143 performed (Supplementary information S1, Table 1 .3.4, and S4), and identified a total of 144 1,051 proteins involved in antibacterial, antifungal, and antiviral biosynthesis ( Figure 1F , 145 Supplementary information S1, Figure S1 .3.2, and S4). These data and analyses suggest one 146 of the main functions of millipede ozadene (at least in T. corallinus), is to provide defence 147 against pathogenic microorganisms rather than being primarily an antipredator adaptation.
149
Conserved synteny between myriapod genomes 150 A major reason for the broad significance of millipede genomic resources is that 151 myriapods serve as the outgroup to the Insecta, which is the largest group of described animal 152 species. Thus, comparisons between millipedes and insects allow us to address a major 153 outstanding question in animal evolution, specifically, how differential regulation of gene 154 function facilitated the evolution of greatly divergent body plan morphologies. Millipede homeobox gene and cluster 171 Homeobox genes are an ideal candidate to study body plan evolution, as they are 172 conserved gene expression regulators in animals. We first systematically compared the 173 homeobox gene content of all available insect genomes to the three myriapod genomes 174 (Supplementary information S1, Figure S1 .3.4). Given the varying genome quality of the 175 insects being compared, we adopted a conservative approach by only confidently scoring 176 gene gains, rather than gene losses, using the rationale of revealing the presence of 177 orthologous homeobox genes in closely related lineages. The three myriapod genomes have 178 undergone 3 lineage-specific duplications of common homeobox genes (Otx, Barhl, Irx), 179 suggesting their suitability for making a comparison to the insects (Supplementary 180 information S1, Figure S1 .3.4). Other homeobox gene clusters are also identified and compared, including the NK 216 cluster and the Irx cluster (Supplementary information S1, Figure S1 .3.6, S1.3.8). Content; Supplementary information S1, Table 1.3.2). In the spirobolid millipede T. In the two millipede genomes generated here, all genes responsible for small RNA 293 machinery were identified, along with an unusual duplication of the Argonaute (Ago) gene, 294 while the other biogenesis components remain the same ( Figure 5A , supplementary 295 information S1, Figure S1 .3.9-1.3.11). In insects, it is well known that there are also two Ago 296 forms, and for instance, in the fly Drosophila melanogaster, the dominant arm of the 297 precursor microRNA can be sorted into Ago1 to direct translational repression. Meanwhile, 298 the other arm as well as small-interfering RNA (siRNA) can be sorted into Ago 2 to direct 299 transcriptional degradation (Czech et al 2009; Ghildiyal et al 2009; Okamura et al 2008 Okamura et al , 2009 300 Yang et al 2011). Nevertheless, phylogenetic analyses suggested the two Ago forms in the 301 two millipede genomes are lineage-specific, and did not share the duplication event that 302 occurred in insects (Supplementary information S1, Figure S1.3.9 ). In addition, one Ago in T. 303 corallinus (which we named Ago2) has become a pseudogene ( Figure 5B ). To test that this is 304 not due to genome assembly error, nor due to single individual mutation, we have also carried 305 out PCR and Sanger sequencing on three other individuals, and confirmed this mutation 306 ( Figure 5C ). Whether the duplicated Ago are functional in millipedes remains unclear. 307 However, this unusual duplication of the small RNA machinery in millipedes reveals that the 308 situation in insects was secondarily evolved, rather than shared with the duplication that 309 occurred in the arthropod ancestor. genomes, suggesting a lineage-specific loss in the centipede ( Figure 6A ). In addition, our two 329 high-quality millipede genomes allowed us to reveal conserved microRNA clusters, including 330 miR- 100-let-7-125, miR-263-96, miR-283-12, miR-275-305, miR-317-277-34, miR-71-13-2, 331 miR-750-1175 and miR-993-10-iab4/8, as in most other arthropods (Supplementary 332 information S9). Previously, miR-283 has been identified in pancrustaceans only, but it could 333 be identified in the two millipede genomes presented here (Supplementary information S9). 334 Moreover, miR-96 and miR-2001 could be identified in the two millipedes, but not in S. and also all available insect genomes with small RNA sequencing data, we found multiple 368 cases of microRNAs undergoing microRNA arm switching, including let-7 and miR-277 369 (Supplementary information S1 Figure S1 .3.13, S1.3.15, Supplementary information S9).
371
To decipher how microRNA arm switching could potentially contribute to evolution 372 between myriapods and insects, we focused on the two microRNAs iab-8 and miR-2788, 373 which were previously only known from insects but are now also known to be conserved in 374 centipede and millipedes (Chipman et al 2014; this study) . Using the sensor assays, we found 375 no obvious arm target repression preference of iab-8 of the two millipedes, but the 376 Drosophila iab-8 have higher 5p dominant arm and target repression ability (Supplementary 377 information S1 Figure S1.3.14) . These data suggest that different arm usage of iab-8 has 378 evolved between insects and myriapods. In the small RNA sequencing of the beetle 
